Objective-In the deep microenvironments of advanced human atherosclerotic lesions, the intimal fluid becomes acidic.
A hallmark of atherosclerosis is the conversion of intimal macrophages into cholesterol-laden foam cells. Highdensity lipoproteins (HDL) are the most efficient acceptors of cellular cholesterol, 1 so initiating the reverse cholesterol transport from the macrophage foam cells in the intima. 2 Specific cellular transporters preferentially promote efflux of cholesterol from macrophages to different subpopulations of HDL particles. The ABCA1 transporter mediates unidirectional efflux of cholesterol to lipid-free apolipoprotein (apo) A-I and to lipid-poor pre-␤-migrating HDL, [3] [4] [5] whereas the ABCG1 transporter facilitates cholesterol efflux to mature ␣-HDL but not to lipid-free apoA-I or small-sized pre-␤-HDL particles. 6, 7 Importantly, studies in vitro have evidenced that both transporters become abundantly expressed in cholesterol-loaded macrophages. 8, 9 In addition, diffusion-based efflux of cholesterol to mature HDL particles occurs in all types of cells and is facilitated by the scavenger receptor type I (SR-BI), which moderately contributes to cholesterol release from macrophages. 10 Human macrophages can adapt to acidic environments, such as within the core of solid tumors where the extracellular pH may be as low as 5.2. 11 In advanced atherosclerotic lesions, also, the extracellular fluid gradually becomes acidic, and such low pH values have even been suggested as a novel marker of plaque vulnerability. 12 This heterogeneity of pH values well agrees with the general concept of advanced atherosclerotic lesions being "complex" lesions. Acidification of the intimal fluid in advanced atherosclerotic lesions partially depends on redox potential changes, local hypoxia, and on the activation of macrophages that renders them particularly sensitive to hypoxic conditions. 13 Importantly, due to the increased thickness of atherosclerotic lesions, macrophages are subjected to low diffusion of oxygen 14 that stimulates anaerobic glycolysis for cellular ATP generation. 15 As a consequence, such activated macrophages produce and secrete metabolites, such as lactic acid and CO 2 , to the extracellular fluid and, thus, acidify their pericellular milieu.
Interestingly, activated cultured murine macrophages are able to decrease the pH in their peripheral milieu down to 3.6, 16 and this response increases when the cells are exposed to oxidized low-density lipoprotein (LDL). 17 Interestingly, it was recently found that macrophages create acidic extracellular surface-connected compartments to digest aggregated LDL particles, in which pH as low as 5.0 was recorded. 18 Whether an acidic extracellular fluid is able to influence cholesterol efflux from macrophages in vivo is not known. Here, we studied in vitro the effect of an acidic challenge on the ability of human monocyte-derived macrophage foam cells to release cholesterol to established cholesterol acceptors. We found that various cholesterol efflux pathways, particularly that facilitated by ABCA1 transporter, were inhibited at acidic pH. We conclude that, by reducing cholesterol efflux, an acidic environment favors the formation and maintenance of human cholesterol-laden macrophage foam cells.
Methods
Human monocyte-derived macrophages were incubated in custommade DMEM culture media of pH 5.5 to 7.5, and their responses to cholesterol loading and cholesterol efflux were evaluated. No differences were found in macrophage morphology after incubation under acidic conditions. Cell viability, as evaluated by Trypan blue exclusion test and lactate dehydrogenase released to media, remained similar on incubation in neutral and acidic media. The present work is based on the study of human monocyte-derived macrophages from altogether more than 40 healthy donors. A detailed description of the methods is provided in the supplemental data, available online at http://atvb.ahajournals.org.
Results

Efflux of Cholesterol From Macrophage Foam Cells to apoA-I Is Reduced in Acidic Medium
First, we evaluated the effect of acidic pH on cellular cholesterol efflux to lipid-free apoA-I, known to be facilitated via the ABCA1 pathway. For this purpose, macrophages were loaded with cholesterol by incubating the cells with acetyl-LDL at pH 7.5. After washing the cells, fresh DMEM of pH 7.5, 6.5, or 5.5 containing increasing concentrations of apoA-I was added, and cholesterol efflux was measured ( Figure 1A ). At neutral pH the efflux rate to apoA-I increased sharply until saturation was reached at Ϸ10 g/mL. 19 In contrast, cholesterol efflux was strongly attenuated in acidic media, by 50% at pH 6.5 and 70% at pH 5.5, indicating that, the more acidic the pH, the stronger the efflux inhibition ( Figure 1A , inset). Of note, cholesterol efflux at pH 5.5 declined already within the shortest period measured, ie, 1 hour ( Figure 1B 
Reduced Efflux of Cholesterol to apoA-I in Acidic Conditions Is Not Caused by Changes in apoA-I Protein Structure
To evaluate whether the impaired cholesterol efflux observed in acidic pH was related to a pH-sensitive folding of apoA-I, dilutions of apoA-I in buffers of pH 7.5, 6.5, and 5.5 were kept at 4°C or incubated at 37°C overnight, and their far-UV circular dichroism spectra were recorded at 37°C using Jasco J-715 spectropolarimeter. An overlay of the circular dichroism spectra showed that the secondary structure of apoA-I was not modified within the pH range (supplemental Figure  I) . Indeed, apoA-I spectra are characteristic for an ␣-helix structure with 2 negative bands at 222 and 208 nm and a positive one at 193 nm. In further analysis, the spectra were subjected to secondary structure estimation (supplemental Table I ). The results showed that the ␣-helical content of apoA-I remained constant (41Ϯ1%) over the pH range 5.5 to 7.5, and the overnight incubation had no effect on the ␣-helical content. Because the ability of apoA-I to stimulate cellular cholesterol efflux depends on its amphipathic helical segments, 20 our data strongly suggest that its intrinsic activity as cholesterol acceptor was not affected under the pH range studied. The ␣-helical content at neutral pH agreed with previous studies reporting 44 to 46% helicity, 21, 22 but the lack of acidification effect found here contrasts data reporting a decrease in apoA-I helicity from 45 to 30% when the pH was decreased from 7.0 to 5.0. 22 Figure 1 . Cholesterol efflux from cholesterol-loaded macrophages to apoA-I in culture medium of acidic pH. Human monocyte-derived macrophages were converted into cholesterol-loaded foam cells by incubating them in the presence of 25 g/mL of [ 3 H]CE-acetyl-LDL for 48 hours in DMEM of pH 7.5. After cholesterol loading, the cells were washed, fresh DMEM of pH 7.5, 6.5, or 5.5 containing increasing concentrations of apoA-I was added, and cholesterol efflux was allowed to proceed for 16 hours (A). Time course of cholesterol efflux to apoA-I (10 g/mL) from macrophages preincubated with acetyl-LDL at pH 7.5 was determined for up to 6 (B) or 16 hours (inset). Efflux of cholesterol was calculated as dpm medium /(dpm cells ϩ dpm medium )ϫ100, and for each data point at each pH, efflux in the absence of apoA-I was subtracted from that in the presence of apoA-I. The pH values in each panel denote pH of medium during cholesterol efflux. Values in each panel are meansϮSD of triplicate wells. Macrophages derived from 9 individual donors were studied, and the data shown correspond to macrophages derived from representative donors.
Acidic pH Reduced Cholesterol Efflux From Macrophage Foam Cells to HDL 2 and to Human Plasma
Next, we evaluated whether the efficient pH-dependent inhibitory effect on cholesterol efflux to purified lipid-free apoA-I might also apply to other efflux pathways stimulated by human plasma. Initially, macrophages were loaded with cholesterol at neutral pH, and a time-course of cholesterol efflux to 2.5% human plasma (which contains very low concentration of lipid-poor apoA-I) 23 at pH 7.5, 6.5, or 5.5 was evaluated, up to 16 hours. Cholesterol efflux to plasma was linear, and similarly to efflux to apoA-I, at each time point, efflux declined with lowering of the pH (data not shown).
To further analyze the pH effect on cholesterol efflux via different pathways, the foam cells were incubated with various cholesterol acceptors in acidic medium. We also evaluated the effect on cholesterol efflux of the acidic pH already during cholesterol loading of the cells. For these aims, macrophages were loaded with cholesterol at either neutral pH (Figure 2 , upper panels) or at acidic pH (Figure 2 , lower panels), after which cholesterol efflux to increasing concentrations of apoA-I, HDL 2 , and plasma was determined at pH 7.5 and 5.5. Macrophage cholesterol loading was similar at pH 7.5 and 5.5 (113Ϯ19 versus 119Ϯ37 g total cholesterol/mg cell protein, respectively; Pϭ0.62, nϭ13 buffy coat donors). Relative to reference conditions, in which the pH was neutral during both loading and efflux (upper curves in A to C), all conditions involving acidic pH (either during loading, efflux, or both) resulted in attenuated dose response of cholesterol efflux. Of note, although the efflux rate at acidic pH from macrophages loaded at neutral pH to apoA-I ( Figure 2A ) was again strongly reduced (by 70%), the reductions of efflux to HDL 2 ( Figure 2B ) and to plasma ( Figure 2C ) were less marked (Ϸ20%). Interestingly, when plasma was used as an acceptor, the high-affinity component of cholesterol efflux occurring at low plasma concentrations 24 was lost at acidic pH, evidenced by the increase of the apparent Km value (0.6% at neutral pH versus 11% at acidic pH, vol/vol) ( Figure 2C ). This indicated that diffusional efflux processes stimulated by plasma components, such as mature HDL particles, were more resistant to acidification of the pericellular environment. In contrast, when macrophages were challenged by acidic pH already during cholesterol loading ( Figure 2D through 2F), cholesterol efflux to every studied acceptor was severely attenuated at both pH values. To gain further insight on the mechanism responsible for the residual efflux stimulated by plasma in acidic pH ( Figure 2C ) despite a strong inhibition of the ABCA1 pathway, we used human albumin to evaluate apoA-I-independent efflux. 25, 26 Thus, 1 mg/mL of HSA was added to efflux media of macrophage foam cells generated at either neutral or acidic pH, and cholesterol efflux was measured (supplemental Table  II ). Efflux to HSA in acidic pH from foam cells generated at neutral pH was only partially reduced (by Ϸ30%), suggesting that, besides ABCG1 partial contribution, such passive cholesterol efflux also sustained efflux to plasma in acidic pH. Because, like apoA-I, the secondary structure of HSA (␣helicity Ϸ62%) was not modified at acidic pH (supplemental Table III ), these data further suggested that a low pH also partially impaired the foam cell competence to release cholesterol via a passive diffusion-based mechanism. This inhibitory effect was more pronounced when macrophages were already loaded in acidic pH; thus, efflux to HSA dropped Ͼ50% independently of the pH the efflux had occurred. Altogether, these findings revealed that various cholesterol efflux pathways in macrophage foam cells were affected to distinct degrees by acidic pH, the ABCA1-mediated pathway being particularly sensitive. Moreover, exposure of macrophages to an acidic environment during cholesterol loading for at least 24 hours rendered the foam cells even less sensitive to cholesterol release induction irrespective of the efflux pH.
Induction of ABCA1 and ABCG1 Gene Expression in Human Macrophages During Cholesterol Loading Is Impaired in Acidic pH
In response to cholesterol accumulation, ABCA1 and ABCG1 gene expression is upregulated in human macrophages, 8, 9 whereas the expression of SR-BI is either increased 27 or decreased. 28 We next investigated whether cholesterol loading of macrophages at acidic pH would influence the expression of such lipid efflux-related genes. It appeared that the 6-to 8-fold induction of ABCA1 and ABCG1 mRNA expression during cholesterol loading at pH 7.5 was progressively attenuated at pH 6.5 or 5.5 (Figure 3) . Moreover, at pH 5.5, the cholesterol loading-dependent mRNA induction was fully blocked, because the expression of both ABC transporters remained within basal levels. In contrast to the ABC transporters, cholesterol loading did not induce significant change in SR-BI mRNA expression at any pH value ( Figure  3C ). Overall, the data revealed that lowering of extracellular pH significantly reduced mRNA expression of the 2 ABC transporters that, otherwise, are strongly upregulated during foam cell formation at neutral pH 8, 9 and are considered as major determinants of cholesterol efflux under the more physiological pH conditions.
Protein Levels of ABC Transporters Are Reduced in Macrophages Loaded With Cholesterol in Acidic Medium
Next, ABCA1 and ABCG1 protein levels were evaluated by semiquantitative Western blot analysis in macrophages incubated with or without acetyl-LDL at neutral or acidic pH. As expected, 8, 29 at neutral pH, both proteins were upregulated in response to increasing concentrations of acetyl-LDL. Of note, incubation of macrophages in acidic pH markedly reduced the levels of both ABC proteins also in nonloaded cells (supplemental Figure IIA) . Beyond a natural variation in responses among macrophages derived from different individuals, ABCA1 seemed to be more affected than ABCG1. This notion was compatible with major defects observed in cholesterol efflux to apoA-I than to HDL 2 at acidic pH (see Figure 2 ). Densitometric analysis from 5 monocyte donors confirmed that incubation in acidic pH significantly reduced ABCA1 protein levels both in basal and cholesterol-loaded macrophages (Figure 4 , upper panels), whereas levels of ABCG1 were only reduced in cholesterol-loaded cells (Figure 4 , lower panels). This may be related to the predominant intracellular location of ABCG1 in nonloaded macrophages. 30 Despite the inhibitory effect of the acidic pH on 
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ABCA1 and ABCG1 mRNA levels (Figure 3) , the protein levels were increased in the foam cells (supplemental Figure  III) . The moderate increase in ABCA1 protein found during loading at acidic pH despite virtually identical ABCA1 mRNA levels suggested altered ABCA1 protein turnover. ABCA1 protein levels were also reduced in foam cells generated at neutral pH further exposed to cholesterol efflux to apoA-I at acidic pH (supplemental Figure IIB) . This finding suggested that exposure to the acidic pH destabilized ABCA1 protein in macrophages already overexpressing ABCA1 mRNA and protein, even in the presence of apoA-I, which stabilizes and protects ABCA1 protein from proteolytic degradation. 31 The stronger inhibitory effect of the acidic medium on the ABCA1 protein levels seemed, therefore, to involve its posttranscriptional regulation during foam cell formation. 31, 32 
Secretion of Endogenous apoE by Macrophage Foam Cells Is Attenuated in Acidic pH
Secretion of apoE is also an important component of the cholesterol efflux machinery in human macrophages. 33, 34 To evaluate whether apoE secretion by macrophages was sensitive to pH, the cells were incubated at acidic pH with or without acetyl-LDL, and apoE was quantitated in medium (supplemental Table IV ). As demonstrated previously, 34 loading of macrophages with cholesterol at neutral pH stimulates their basal secretion of apoE (Ͼ3-fold). In sharp contrast, apoE secretion by foam cells was strongly inhibited at pH 5.5, and furthermore, the basal secretion of apoE by nonloaded macrophages was fully blocked. A time course of apoE mRNA expression and apoE secretion by the foam cells at pH 7.5, 6.5, and 5.5 showed that, at pH 6.5, neither the mRNA levels nor the secretion rate of apoE were affected when compared with neutral conditions ( Figure 5 ). In contrast, although the mRNA levels remained largely unchanged at pH 5.5, the protein secretion was fully inhibited after 3 hours of incubation, which indicated that failure to secrete apoE at pH 5.5 might involve a posttranscriptional event.
Discussion
Here, we demonstrated that lowering of the extracellular pH progressively reduced cholesterol efflux from human monocyte-derived macrophage foam cells, particularly the efflux component facilitated by the ABCA1 transporter, whereas the ABCG1-mediated pathway and the aqueous cholesterol diffusion appeared to be also impaired, although to a lower degree. This inhibitory effect on cholesterol efflux was also exerted on macrophages exposed to acidic pH already during their conversion into foam cells. Because the ABC-facilitated efflux processes have additive effects in stimulating net cholesterol removal from macrophages and they promote macrophage-specific reverse cholesterol transport in vivo, 35 the present observations suggest that an acidic microenvironment may significantly attenuate this major physiological antiatherosclerotic mechanism. This experimental model may closely simulate the pathological fate of human macrophages surrounded by acidic intimal fluid in local areas of advanced atherosclerotic lesions. 12 A key role of the ABCA1 pathway in macrophages has been related to selective removal of a cholesterol pool from the plasma membrane that can trigger cytotoxic events. 36 Moreover, ABCA1 has been recently claimed to be solely responsible for enhanced cholesterol efflux in human foam cells, 37 which is in line with the inverse correlation observed between ABCA1-mediated cholesterol efflux and carotid arterial-wall thickness. 38 Although cholesterol efflux likely occurs at every stage of the atherosclerotic process, the dynamics of this process appears to be under the influence of the atherosclerotic plaque microenvironment. In fact, a dramatic drop in ABCA1 protein level was reported in whole extracts of human carotid atheromas, 39, 40 suggesting a decreased cholesterol efflux in the lesions. Of note, it was demonstrated by in situ hybridization that ABCA1 mRNA expression in macrophages from atherosclerotic lesions was not evenly distributed, being nearly absent specifically in the macrophage-rich core of advanced plaques of human atherosclerotic aorta, 41 where, most likely, acidification of the intimal fluid had occurred.
The present study revealed that acidification of the extracellular environment was sufficient to rapidly impair cholesterol efflux from cultured cholesterol-loaded human macrophages even in the presence of abundant amounts of physiological cholesterol acceptors. Among the various efflux pathways, the one mediated by the ABCA1 transporter was rapidly (within 1 hour) ( Figure 1B ) and most strongly Figure 5 . Time-dependent gene expression and secretion of apoE from macrophages to medium of neutral or acidic pH during foam cell formation. ApoE gene expression was analyzed in macrophages treated as described in Figure 3 (A). Incubation media were collected at different time intervals, centrifuged at low speed to eliminate cell debris, and apoE was determined by ELISA (B). Cells were lysed by sonication, and cellular protein levels were measured. Data shown correspond to macrophages derived from 1 representative donor. Similar results were obtained using cells derived from another monocyte donor.
( Figure 2 ) inhibited by the pH drop. The maintenance of apoA-I ␣-helical content as well as its typical secondary structure under acidic conditions strongly supports the notion that the inhibition of ABCA1-mediated efflux at acidic pH found here was related to a defective function of the transporter molecule, rather than of the apoA-I molecule. Moreover, cholesterol efflux to HDL 3 was also strongly compromised in acidic pH (data not shown), ie, to a lipoprotein fraction that contains pre-␤-HDL particles known to stimulate the ABCA1 pathway. 42 Although the activities of both ABC transporters in the foam cells were affected by the acidic challenge, the stronger reduction in the function of ABCA1 could be explained by its predominant location at the cell membrane surface, 43 which may have affected its stability when directly exposed to an acidic environment. A potential effect of acidic pH on modifying the charge polarization of the plasma membrane and its lipid arrangement not only could have reduced the ionic transport capability of the ABCA1 transporter protein 44, 45 but also could have partially impaired the nonmediated aqueous diffusion of cholesterol. Because the plasma membrane seems to be the primary location for ABCA1-mediated apoA-I lipidation, 46 and apoA-I binding to ABCA1 requires membrane bending, 47 a pH-induced switch of the physical properties and spatial geometry of the plasma membrane probably causing dysfunctional lipid rafts that contain ABC transmembrane transporters, 48 or restricting the docking of several ligands, 49 may also compromise the functionality of ABCA1 protein. We found that cholesterol loading of macrophages at acidic pH did not change the relative abundance of ABCA1 mRNA, whereas the protein levels moderately increased. Similar discordances between ABCA1 mRNA and protein levels have been reported by others. 50 -52 As a mechanistic insight, we speculate that internalization of ABCA1 in macrophages exposed to acidic pH might be defective, so reducing its degradation by calpain. 53 Such relative "protection" of ABCA1 protein levels did not compensate, however, the heavy induction of the transporter achieved during loading at neutral pH; therefore, resulting in lower levels of ABCA1 in foam cells generated in acidic medium.
The present study documents that a failure in cholesterol efflux from macrophage foam cells, particularly via the ABCA1 pathway, can be added to the cellular responses following acidification of the extracellular pH. 54 Cells surrounded by an acidic environment must pump out protons against a high gradient over their entire surface area, which profoundly challenges cellular metabolism. Whether acidification of intracellular pH in macrophages was also achieved by incubation in acidic medium remains a topic for future studies. This could affect various steps of late endosomeplasma membrane vesicular cargo transport machinery, and thereby, could affect both internalization and secretory processes. A secretory failure would also explain the reduced macrophage secretion of apoE at acidic pH despite unaffected gene expression, which contributes to further attenuate ABCA1-mediated cholesterol efflux. 55 In summary, our results suggest that chronic exposure to acidic environments found in advanced atherosclerotic lesions may compromise macrophage cholesterol efflux by multiple mechanisms. Therefore, by impairing macrophage cholesterol efflux and stimulating foam cell generation, an acidic intimal fluid can be considered as a potent proatherogenic factor within advanced human atherosclerotic plaques.
